Abstract:
Introduction
Carbon materials are of special interest in catalysis, either as support of active phase or as catalyst on their own, due to their porosity, high surface area, controllable surface chemistry, and so on [1, 2] . The textural properties and surface chemistry of carbon materials are important features that affect significantly the catalytic performances of the corresponding catalysts, as the pore size, surface area and surface oxygen functional groups (SOFG) usually play an important role in the catalytic reaction. Suitable pore size allows the reactant entering the pores and thus the reaction can occur inside the pores as well as on the outside surface; high surface area allows the active phases to be highly dispersed and thus enhances their contact area with the reactant; while the SOFG can be the adsorption sites for the active phase, but can also be the active sites for the reaction [3, 4] . Hence, synthesis of carbon materials with controllable textural properties and surface chemistry is very important when the objective is to use them as catalysts or catalyst supports.
Among the carbon materials, carbon xerogels (CXs) are quite interesting, as their nanostructure is very sensitive to the synthesis and processing conditions, which offers the possibility of designing and tailoring the materials to fit specific applications [5] [6] [7] . It has been shown that either the mesopore, macropore or the micropore structure of CX can be tailored by posttreatment, and the nature of the chemical activating agent may influence the development of pores. Zubizarreta et al. [5] reported that even similar alkaline hydroxides such as KOH and NaOH have different effects on the production of microporosity of the carbon xerogels.
Similarly, the surface chemistry, another important feature of carbon materials, will also be altered if the material is treated in different conditions. For instance, treatments with different oxidants (e.g. O 2 and HNO 3 ) and concentrations lead to the formation of SOFG with different types and amounts. Thus, to control the type and the amount of SOFG formed on the CXs is very important. Many works regarding the effect of SOFG on the catalytic performance of catalysts have been reported [8] [9] [10] .
Other than the modification made by the posttreatment, it would be more interesting to alter the nature of carbon xerogels during the preparation process by an in-situ method. This way the framework of CXs can be re-arranged homogeneously, without considering the difference at different parts. Thus, in this work we investigated the textural properties and surface chemistry of CXs that were synthesized under different pH. The textural properties and surface chemistry of CXs were measured by nitrogen adsorption-desorption and the temperature programmed desorption (TPD) method. The nitrogen adsorption-desorption is the most powerful means for measuring the textural properties of porous materials at present, as it gives straightforward data on the pore size, pore volume, surface area, etc. The TPD method, proposed by Figueiredo et al. [1, 6, 11] , has been widely accepted as a reliable technique to estimate the total amount of surface oxygen functional groups created on the surface of carbons, and further it offers a way to differentiate specific groups by the deconvolution method.
Besides the study on the textural properties and surface chemistry of CXs, application of CXs as support of catalyst was also investigated, with the aim to indicate which CX is more suitable as a catalyst support. In this work gold was used as the tested catalyst. Gold in the past decades has been found to be a good catalyst in heterogeneous catalysis for various reactions such as hydrogenation of olefins [12] , CO oxidation [13] and hydrochlorination of ethyne [14] . However, preparation of an active gold catalyst depends significantly on the support used, as bulk gold shows none or little catalytic activity. The use of support not only decreases the catalyst cost, but also enhances the dispersion of gold nanoparticles, which is a crucial factor for synthesizing nano-sized and highly efficient gold catalysts. The CXs were investigated as supports of gold catalysts for liquid phase oxidation of alcohols by molecular oxygen, since other carbon materials had already been tested successfully in this application [15] [16] [17] . Results indicate that oxygen activated CX that was synthesized at pH = 6.0 produces moderate amount of SOFG and is the best support of gold catalyst for liquid phase oxidation of alcohols by molecular oxygen.
Experimental procedure

Synthesis of carbon xerogels (CXs)
CXs were synthesized according to the procedure described elsewhere [11] . Briefly, 49.55 g resorcinol (from Sigma-Aldrich, ACS reagent) was first dissolved in 94 mL of deionized water with strong stirring, to this solution 67.5 mL of formaldehyde (from Sigma-Aldrich, ACS reagent) was added. The pH of the solution was adjusted to 5.5, 6.0 and 6.5 by dropping 2 M solution of NaOH. Thereafter, the solution was aged at 85ºC for ~72 h. A red brown opaque solid gel (carbon precursor) was then obtained. The gel was crushed and dried in a muffle oven at 50, 80 and 100ºC for 24 h, respectively. The sample was finally carbonized in N 2 with the following heating procedures: 150ºC for 2 h, 300ºC for 1 h, 600ºC for 1 h and 800ºC for 6 h. The temperature ramp between each two stages (e.g. from 150°C to 300°C) is 2ºC min -1 . Depending on the pH, the samples were denoted as CX(5.5), CX(6.0) and CX(6.5), respectively.
Oxygen activation
Oxygen activation was carried out by heating (5ºC min -1 ) the synthesized carbons in 5% O 2 /N 2 atmosphere from room temperature (ca. 25ºC) to 400ºC, and then kept for 10 h. The samples after activation are denoted as CX(5.5)_5O 2 , CX(6.0)_5O 2 and CX(6.5)_5O 2 , respectively (e.g. CX(6.0)_5O 2 means that carbon xerogel synthesized at pH = 6.0 was oxidized in 5% O 2 / N 2 at 400ºC for 10 h).
Preparation of gold catalysts
Supported gold catalysts (loading: 1 wt.%) were prepared by immobilization method as described elsewhere [18] . HAuCl 4 •3H 2 O was used as the gold precursor; polyvinyl alcohol (PVA) and NaBH 4 were used as the protective and reductive agent, respectively. 0.02 g HAuCl 4 •3H 2 O was first dissolved in 500 mL de-ionized water, to this solution 3 mL of a PVA (1 wt.%) aqueous solution was added to protect the gold ions; after stirring for ca. 5 min, 5 mL freshly prepared NaBH 4 (0.1 M) was added dropwise to reduce the gold ions to gold sols (Au 3+ → Au 0 ); about 10 min later, the carbon support (1 g, after oxygen activation) was poured into the solution to immobilize the gold sols. The sample was filtered, washed with deionized water, dried in static air at 100ºC overnight, and finally treated under N 2 at 350ºC for 3 h, followed by H 2 at 350ºC for 3 h. In accordance to the carbon supports, the gold catalysts are named as: Cat(5.5), Cat(6.0) and Cat(6.5), respectively. For example, Cat(5.5) means that the Au catalyst was supported on CX(5.5)_5O 2 , 1% Au/CX(5.5)_5O 2 .
Characterization
The textural properties of the CXs and those after oxygen activation were determined at liquid nitrogen temperature (-196 ºC) with a NOVA 4200e apparatus. The micropore volumes and mesopore surface areas were determined by t-method, and the pore diameter (d p ) was determined by BJH method on the adsorption branch. CO/CO 2 -TPD profiles were carried out using helium as a carrier gas under the following conditions: sample weight, 0.05 g; gas flow rate, 25 mL min -1 ; heating rate, 5ºC min -1 . The amounts of CO and CO 2 desorbed from the samples were monitored with a quadrupole mass spectrometer. Deconvolution of TPD spectra was done by using multiple Gaussian functions [1, 6] . Transmission electron microscopy (TEM) observations were performed on a Philips CM12 instrument (120 keV), using carboncoated copper grids. Inductively Coupled Plasma (ICP) analysis was performed on a Perkin-Elmer 3300DV ICP analyzer. The actual Au loadings of the catalysts are listed in Table 1 .
Catalytic test
Alcohol oxidation was carried out at atmospheric pressure and 80ºC, in a 30 mL, three-necked batch reactor fitted with a reflux condenser, oil bath, thermocouple and magnetic stirrer. A mixture of 40 µL NaOH (5M), 20 µL benzyl alcohol, 10 µL decane (used as internal standard) and 0.05 g catalyst in toluene (20 mL) was prepared. The flask was then heated to 80ºC and flushed with O 2 at a rate of 50 mL min -1 with vigorous stirring. The products of reaction were analyzed by GC, using a flame ionization detector and the activity was calculated in terms of turnover frequency (TOF), as below. The gold dispersion was calculated based on the average particle size measured from TEM images. Fig. 1 shows the nitrogen adsorption-desorption isotherms of the CXs synthesized at different pH values and those after oxygen activation, and the corresponding textural properties are listed in Table 2 . With the increase of pH, i.e., from CX(5.5) to CX(6.5), the hysteresis loop shifted from high to low relative pressure range, indicating a decrease in the average mesopore size. The significant change in the hysteresis loops suggests that the textural properties of CXs are very sensitive to the pH, thus the pH value was tuned only in a small range (ΔpH = 1) and no additional control in the pH value was studied. As a consequence of this change, the decrease in the amount of liquid nitrogen adsorbed (namely, the total pore volume), from CX(5.5) to CX(6.5), is expected. Similar changes were also observed for the oxygen activated samples, which show similar isothermal shapes as the as-synthesized CX. Further studies using "t-plot" method analysis indicated that for CXs before activation (by oxygen), the mesoporous surface area (S meso ) increases, while the micropore volume (V micro ) decreases as the pH increases, indicating that the textural properties of CXs indeed depend closely on the pH used in the synthesis process. Upon activation, both V micro and S meso increased, since this oxidation treatment produces an additional burn-off of the carbon material, creating additional micro and mesopores, as expected [1].
Results and discussion
Textural properties
Surface chemistry
TPD spectra of samples after activation are shown in Fig. 2 , and the corresponding peak areas of CO 2 and CO are listed in Table 3 . It is obvious that the total amount of CO 2 , as well as CO, desorbed from the samples is in sequence of CX(5.5)_5O 2 > CX(6.0)_5O 2 > CX(6.5)_5O 2 , indicating that the total amount of surface oxygen functional groups generated on CXs is different, and more surface oxygen functional groups are generated for sample synthesized at lower pH value. The CO 2 desorption spectra did not present definite shoulders and only one apparent peak was observed. While in the CO desorption spectra, three obvious components were observed and their shapes are similar except that the peak position shifts slightly to a higher temperature (i.e., CX(5.5)_5O 2 > CX(6.0)_5O 2 > CX(6.5)_5O 2 ). This shift probably is ascribed to the increase of the amount of surface oxygen functional groups generated on them, resulting in the delay of the peak position. Although an ordered sequence has been observed in the peak areas of CO 2 and CO, the ratio of CO/CO 2 does not follow the same order (see Table 3 ), indicating that the release of CO 2 and CO is not in scale. The deconvolution of TPD spectra for the activated samples is shown in Fig. 3 and the corresponding data are listed in Tables 4 and 5 . Based on the method introduced by Figueiredo et al. [1] , two CO 2 peaks could be separated in CO 2 desorption spectra and they are derived from the decomposition of carboxylic anhydrides and lactones, respectively. For the CO desorption spectra, three peaks could be observed. They are derived from the decomposition of carboxylic anhydrides, phenols, and carbonyl/quinones, respectively.
TEM images
TEM images and the corresponding gold particle size distributions of the supported gold catalysts are presented in Fig. 4 , which shows that the average particle size of gold in Cat(5.5) and Cat(6.0) is similar, and is lower than that in Cat(6.5). This suggests that the oxygen activated CX that was synthesized at low pH value is more favorable for preparing gold catalyst with small particle size. Although the gold size distribution for Cat(6.0) is different from that for Cat(5.5), the difference is slight and they have the same gold average particle size, suggesting that these gold particles may exhibit similar catalytic performances. Overall, these results suggested that the carbon support synthesized at higher pH is less favorable for preparing gold catalyst with small particle size and narrow gold distribution. The reason for lower average Au particle sizes in Cat(5.5) and Cat(6.0) may be ascribed to the larger pore sizes (mesopores) of the corresponding supports, as shown in Table 2 . Smaller pores, like those of CX(6.5)_5O 2 (mean pore diameter = 5 nm) do not allow easy access of the metal catalyst precursors, which therefore tend to adsorb and accumulate on external surfaces, leading to larger crystallites of the metal phase.
Catalytic activity
The turnover frequency (TOF) of the three supported gold catalysts for benzyl alcohol oxidation obtained at reaction time of 3 h is presented in Fig. 5 , showing that Cat(6.0) is the most efficient catalyst in the studies. In our recent works [19] [20] [21] we have shown that for the alcohol oxidation reaction carried out on carbon supported catalysts (e.g. Au/AC, Co 3 O 4 /AC), the surface oxygen functional groups (SOFG) play an important role in the reaction. They act not only as the adsorption sites of the active metals, but also the activation sites of molecular oxygen. Although part of the SOFG would be removed away from the catalyst during the preparation process (i.e., treated by N 2 and H 2 at 350ºC) [21] , some more will be generated during reaction due to the attack of molecular oxygen. However, if too many SOFG is formed and the carbon support is over-oxidized, the ability of the carbon support to activate molecular oxygen will be weakened, deactivating the catalyst. Consequently, a heat treatment is required to regenerate the catalyst. Namely, the amount of SOFG generated on the carbon material should be moderate when preparing highefficiency carbon supported catalyst for liquid phase oxidation of alcohols with molecular oxygen. Thus for Cat(5.5) and Cat(6.0) that have similar average gold particle size (~7.8 nm, see Fig. 3 ), it is inferred that the difference in their catalytic performances depends mainly on the amount of SOFG generated on the carbon material. As a result, we concluded that the lower TOF of Cat(5.5) is due to the high content of SOFG generated on the surface of CX(5.5)_O 2 in the reaction in addition to these already present, even considering the mild reduction carried-out prior to use. For Cat(6.5), the low TOF can be attributed mainly to the larger gold particle size. For the gold particle size, Prati et al. [22] have shown that the optimum gold particle size of carbon supported gold catalyst (Au/C) for alcohol oxidation with molecular oxygen is ca. 7.5 nm, this supports our results that Cat(6.0) with average gold particle size of 7.8 nm is more efficient than Cat(6.5), which shows average gold particle size of 11.6 nm. However, effect of the amount of SOFG also cannot be excluded. As shown in Table 3 , the amount of SOFG initially generated on CX(6.0) is higher than that on CX(6.5), thus addition of SOFG sites in Cat(6.0) leads to more active sites to activate molecular oxygen than Cat(6.5), and consequentially to high TOF for benzyl alcohol oxidation.
From the TOF of Cat(5.5) and Cat(6.5), it is seen that Cat(5.5) which has over-oxidized SOFG and smaller gold particle size (7.8 nm) shows lower TOF for benzyl alcohol oxidation than Cat(6.5) that has fewer SOFG and bigger gold particle size (11.6 m). As mentioned above, gold particles with an average particle size of ca. 7.5 nm are more favorable for alcohol oxidation [22] , thus the lower activity of Cat(5.5) must be due to the overoxidized SOFG, which is the site for oxygen activation [19] . That is, the over-oxidized SOFG limits the activation of molecular oxygen, decreasing the oxidation activity. This result also suggests that the oxygen activation process occurred on SOFG is more crucial than the alcohol oxidation process that occurred on the gold surface, pointing out the importance of surface SOFG in the alcohol oxidation reaction using molecular oxygen as an oxidant.
Surface area is another important parameter in deciding the catalytic performances of supported catalysts, but in the present case this effect can be neglected, as the difference in the surface area of each catalyst is small and no direct correlation between surface area and activity (TOF) is observed. Therefore, we considered that the major factors influencing the activity for benzyl alcohol oxidation are the SOFG and the gold particle size, which are optimized when using CX (6.0)_O 2 as the support.
Overall, the above results suggest that the oxygen activated CX that was prepared at pH = 6.0 is better than those prepared at pH = 5.5 and 6.5 when used as support of gold catalysts for liquid phase oxidation of alcohols with molecular oxygen. For CX prepared at low pH (e.g. 5.5), its structure is more prone to oxidation and in the course of the reaction can be over-oxidized, weakening its ability to activate molecular oxygen, but for that prepared at high pH (e.g. 6.5), the tendency to generate SOFG on the CX during the reaction is lower and since the gold particle size is bigger this leads to lower efficiency (TOF) for alcohol oxidation.
Conclusions
The textural properties and surface chemistry of carbon xerogels synthesized at different pH values were investigated. Results indicate that CXs synthesized at lower pH have larger pores and the generation of SOFG is easier. When used as support of gold catalyst for benzyl alcohol oxidation, the oxygen activated CX that was prepared at pH 6.0 (i.e., CX(6.0)_5O 2 ) is more favorable than those prepared at pH 5.5 and pH 6.5. On one hand, it was not over-oxidized (compared to CX(5.5)_5O 2 ) and possessed moderate amount of SOFG acting as activation site of molecular oxygen; on the other hand, it is a more suitable support to prepare small gold particle size (compared to CX(6.5)_5O 2 ), which is one crucial factor in determining the activity of benzyl alcohol. As a result, we suggest that pH = 6.0 is the best condition for synthesizing CX to be used as support of gold catalyst for liquid phase selective oxidation reaction. 
